In spite of accumulating evidence on the potent neuromodulatory, neuroprotective, trophic and memory-enhancing effects of the neuropeptide substance P (SP) in the cerebral cortex, the excitatory or inhibitory nature of the cortical SP innervation remains unclear and the postsynaptic targets of SP fibers are not defined. To obtain further insight into these issues, we have examined SP-containing axons and their postsynaptic targets in the prefrontal cortex of adult monkeys with single-and double label immunocytochemistry combined with light and correlated electron microscopy. SP fibers in the primate prefrontal cortex, unlike those in the rat cortex, preferentially innervate cortical layers I, II and upper layer III. Our results demonstrate for the first time that all SP-immunoreactive boutons in all cortical layers contain GABA. Of the entire sample of SP boutons, 53% synapse on dendritic shafts, 39% on dendritic spines and 8% on cell bodies. Another new finding is that synapse-forming SP boutons, in addition to their known innervation of pyramidal cells, form pericellular baskets around interneurons in layers II and upper III, a subpopulation of which contains calbindin D28k. Finally, the study also revealed that SP boutons frequently participate in 'synaptic triads' with spines which receive another (asymmetric, putatively excitatory amino acid-utilizing) synapse. Our findings indicate that SP/GABA axons in the primate prefrontal cortex modulate excitatory amino acid-mediated neurotransmisson and control feed-forward disinhibitory GABAergic circuits in supragranular cortical layers.
The neuropeptide substance P (SP) has been known to mediate pain-related stimuli in the spinal cord and is considered an important neuromodulator of excitatory neurotransmission in the mammalian ner vous system, but its precise function in neural circuits of the cerebral cortex remains elusive (for review see Ohtsuka and Yoshioka, 1993) . SP released from axons can mediate neuronal signals to other neurons via synaptic transmission or by diffusion to extrasynaptic target sites acting in a paracrine manner. SP-specific receptors are thought to play a role in both modes of signal transmission (Fuxe and Agnati, 1991; Liu et al., 1994) . The potential clinical significance of SP-mediated processes in the brain have gained considerable attention in recent years. Memory-promoting effects of SP in spatial orientation and spatial memory tasks have been demonstrated and increasing evidence supports a role for SP in trophic processes (for review see Huston and Oitzl, 1989 ). An elevated SP concentration has been reported in post-mortem prefrontal cortical tissue of chronic schizophrenic patients (Toru et al., 1988) . Recent experiments have shown that peripheral long-term administration of SP can improve functional recovery after brain lesions (Mattioli et al., 1992) , and SP was also found to counteract the neurotoxic effects of the β-amyloid protein, which has been considered as a possible mechanism in the pathology of Alzheimer's disease (Yankner et al., 1990; .
To elucidate the modulatory role of SP in cortical neurotransmission, and its contribution to neuroprotection and memory improvement at the cellular level, it is essential to define the neural circuits that provide the framework for this neuropeptide's action. The mammalian cerebral cortex has been shown to contain SP by radioimmunoassay (Kanazawa and Jessell, 1976; Cooper et al., 1981; Hayashi and Oshima, 1986) , and immunocytochemical studies have revealed that SP-containing cells, axons and terminals are scattered throughout the cerebral neocortex of the rat (Ljungdahl et al.,1978) , monkey (Jones et al., 1988; Iritani et al., 1989) and humans (Hökfelt et al., 1976; Quigley and Kowall, 1991; Hornung et al., 1992) . SP neurons in the rat cortex have been identified as a subset of GA BAergic local circuit neurons that control cortical circuits by inhibition (Penny et al., 1986) . Jones et al. (1988) have confirmed that SP-immunoreactivity is restricted to nonpyramidal cells in the primate cortex as well. They demonstrated that SP axon terminals possess symmetric membrane thickenings indicative of inhibitory synapses in the cortex, but the inhibitory transmitter GA BA was detected only in a subpopulation of cortical SP neurons in their study. The contradiction between the data that SP boutons form symmetric synapses and reports claiming the detection of SP in pyramidal cells (Ong and Garey, 1990; Conti et al., 1992) , which are known to form exclusively asymmetric synapses, further confuse the issue of modality of cortical SP axons. Determination of whether SP is associated with GA BAergic or non-GA BAergic cortical cells, or both, is essential for understanding the role of this neuropeptide in presynaptic events. It is an issue of equal importance to determine the postsynaptic targets of SP axons. Although Jones et al. (1988) have observed SP axon terminals forming synapses exclusively with pyramidal neurons, in light of the emerging complexity of inhibitory interneuron-interneuron interactions in the primate cortex, we hypothesized that SP axons might also form synapses on interneurons and considered this a possibility worth re-examining.
We chose to study the prefrontal cortex of adult monkeys because of the wealth of information on cortical interactions and connections in this species, and because of this area's clinical relevance with respect to its role in working memory. In particular, this study examined the subcellular distribution and neuronal targets of SP in Walker's area 46 of the prefrontal cortex of adult African green monkeys (Cercopithecus aethiops), specifically focusing on the mode of synaptic connections of SP-containing fibers with pyramidal cells and calbindin-containing GA BAergic local circuit neurons. Both single and double label immunocytochemical techniques have been employed at the light and electron microscopic levels.
Materials and Methods

Animals
Five adult female (4.5-5 kg body wt) A frican green monkeys were kept on standard monkey pellets and tap water. The animals were housed in large social cages at the St Kitts Biomedical Research Foundation. Before the start of the experiment, monkeys were placed into individual cages. The St Kitts facility is in full compliance with all applicable US regulations and the USPHS Guide for Use of Animals, and provides an assurance of compliance A3005 to OPRRR. The facility traps or breeds all of its animals and has a complete 24 h veterinary service.
Fixation and Tissue Processing
The monkeys were anesthetized with an intravenous overdose of pentobarbital (Nembutal, 100 mg/kg). A fter initial transcardial perfusion with 1.5 l of heparinized saline four monkeys were perfused with 2.5 l of fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (PB) at pH 7.35. One monkey used in the double label immunocytochemical experiments combining pre-embedding SPimmunostaining and postembedding GABA-immunolabeling procedures was perfused with a fixative containing 1% paraformaldehyde and 1% glutaraldehyde in PB. The brains of all animals were rapidly removed from the skull and postfixed in either 4 or 1% paraformaldehyde in PB for 2 h at 4°C. After postfixation and several rinses in PB, the brains were stored at 4°C in PB containing 0.1% NaN3 and transported to the research laboratory at Yale University.
Vibratome sections of 60 µm thickness were cut from the dorsal bank of the principal sulcus (Walker's area 46) perpendicular to the cortical surface. The sections were then washed in several changes of phosphate buffer, immersed in 10% sucrose in PB and rapidly frozen in liquid nitrogen and thawed to room temperature. Following several rinses in PB, the sections were treated with a 1% solution of sodium borohydride in PB to remove the unbound excess of aldehydes. Tissue from other brain areas were used in unrelated studies.
Substance P Immunocytochemistry
Light and electron microscopic single label SP-immunostaining experiments were performed to study the distribution and synaptology of SP-immunoreactive axons. The polyclonal SP antiserum used in the present study was a gift from Dr S. Leeman. The antiserum was raised against SP in rabbit and its specificity was thoroughly tested. The antiserum binds 40% of [ 125 I]SP trace at 1:250 000 final dilution. Half maximal displacement by SP is 30 pM. No measurable displacement is observed at 100 pM with substance K, physalaemin, met-enkephalin or eleodisin. This SP antiserum has been successfully applied by us to study the SP innervation of the monkey hippocampus (Leranth and Nitsch, 1994) and rat septal area (Szeidemann et al., 1995) . The sections were incubated for 48 h at 4°C in SP antiserum in a dilution of 1:5000 in PB containing 1% normal goat serum and 0.1% NaN3. The sections were further processed using the avidin-biotin peroxidase complex (A BC) technique. The sections were incubated for 2 h at room temperature in biotinylated goat anti-rabbit antibodies (1:250; Vector Laboratories, Burlingame, CA) and incubated for 2 h at room temperature in the Vectastain ABC Elite reagent (1:100; Vector Labs). In sections prepared for electron microscopy, the tissue-bound peroxidase was visualized using 3,3′-diaminobenzidine (DA B; Sigma, St Louis, MO) as a substrate alone (resulting in a brown reaction product). Sections for light microscopy were reacted with DAB intensified with nickel ammonium sulphate (Ni-DAB reaction; Hancock, 1982) . This reaction results in a dark blue-to-black reaction product. Between incubations sections were rinsed extensively in PB. The sections were mounted on gelatin-coated slides, dehydrated in ethanol, immersed in xylene and coverslipped in Permount.
Substance P/Calbindin Double Label Immunocytochemistry
Correlated light and electron microscopic double immunostaining was performed according to our standard protocol described in detail elsewhere (Leranth and Nitsch, 1994; Nitsch and Leranth, 1996) .
In these double immunostaining experiments, the SP immunolabeling was developed using the protocol for the single label experiments described above and visualized using Ni-DAB as a chromogen. It should be noted that the use of the Ni-DA B reaction in double label studies requires continuous light microscopic examination of the development of the reaction, since even a slight (30 s) overdevelopment may result in a greenish-blue discoloration of the tissue due to precipitation of nickel, which can completely block the second immunostaining.
After extensive washing in PB, the sections were incubated for 48 h at 4°C in a monoclonal mouse anti-calbindin antibody (1:5000; Sigma) diluted in PB containing 1% normal goat serum and 0.1% NaN3. After rinsing in PB, sections were further processed using the peroxidase-antiperoxidase technique. Brief ly, sections were incubated with goat anti-mouse IgG (1:50; Polyscience Inc., Warrington, PA) for 2 h and then with a mouse peroxidase-anti-peroxidase (PAP) reagent (Sternberger Mayer Inc., Jarretsville, MD). The second immunoreaction was visualized by a DAB reaction that resulted in a brown color. Double stained sections were examined under the light microscope, and after color photography of putative synaptic contacts, sections were post-osmicated (0.5% OsO4 in PB), dehydrated and f lat-embedded in Araldite. Neuronal profiles identified and documented by light microscopy were selected for serial ultrathin sectioning, thus enabling the correlation of the light and electron microscopic data. The ultrathin sections were mounted on grids, contrasted with uranyl acetate, stained with lead citrate and examined in a Philips CM 10 electron microscope.
Light microscopic double immunostaining on Vibratome sections was performed as described above, except that 0.3% Triton X-100 was added to the buffers and antiserum solutions. These sections were mounted on gelatin-coated slides and, omitting postosmication, dehydrated and coverslipped in Permount.
Substance P/GABA Double Label Immunocytochemistry
Vibratome sections, fixed with a solution containing 1% paraformaldehyde and 1% glutaraldehyde, were first immunoreacted with the SP antiserum (diluted 1:1000), developed by the PAP method, and the immunoreaction was visualized using DA B as chromogen. The sections were then postosmicated and embedded in Durcupan (Fluka, Town?, Switzerland) . Ultrathin sections containing SP-immunolabeled boutons were serially cut and collected on Formvar-coated nickel grids. Postembedding immunostaining for GA BA was performed with a well-characterized rabbit anti-GABA (code no.9) antiserum employing the technique described by Somogyi and Hodgson (1985) . The following steps were carried out on drops of Millipore-filtered solutions in a humid chamber: (i) 10 min rinse in 1% periodic acid; (ii) 3 × 15 min rinse in double distilled water (DDW); (iii) 10 min rinse in a 2% solution of sodium metaperiodate in DDW; (iv) 3 × 15 min rinse in DDW; (v) 3 × 2 min rinse in Tris buffered saline (TBS; pH 7.4); (vi) 30 min incubation in 1% ovalbumin in TBS; (vii) 3 × 10 min rinse in 1% normal goat serum; (viii) 1-2 h incubation in the rabbit anti-GABA antiserum (1:7500 in NGS/TBS); (ix) 2 × 10 min rinse in TBS; (x) 10 min rinse in 0.05 M Tris buffer (pH 7.5) containing 1% bovine serum albumin (BSA) and 0.5% Tween 20; (xi) 2 h incubation in goat anti-rabbit IgG conjugated to 15 nm gold (diluted 1:10 in the same buffer); (xii) 2 × 5 min rinse in DDW; (xiii) 30 min incubation in uranyl acetate and 20-30 s rinse in lead citrate for contrasting.
The SP/GA BA-imunostained material was analyzed throughout the depth of the cortex (layers I-VI) on serially sectioned material (5-15 sections on a single-slot grid).
Controls
Control sections were processed identically to each of the experimental protocols described above, except that one or both of the primary antisera were omitted from the incubating solution. Under these conditions, in the single immunostaining experiments no immunolabeling could be detected, and in the double label studies only single staining was observed.
Results
Distribution of Substance P-Immunoreactive Neuronal Profiles -Light Microscopy
The overall light microscopic distribution of SP-immunoreactive neurons and processes in the prefrontal cortex of the African green monkey was found to be very similar to the pattern of SP-immunoreactivity described by Iritani et al. (1989) in the same cortical area of the Japanese monkey (Macaca fascicularis fuscata). A moderate number of small sized SP-immunoreactive neuronal cell bodies (max. 15 µm in diameter; Fig. 7A ) were observed in layers II-IV and VI. The majority of these cells were bipolar or multipolar in shape. Pyramidal-shaped neurons with SP-immunoreactivity were not encountered. The density of SP-positive fibers was observed gradually increasing from the deep towards the superficial cortical layers. The fiber density was lowest in layers V-VI, and many of these fibers were oriented perpendicular to the pial surface. In layers III-IV, SP-immunoreactive axons exhibited considerable branching and were oriented in various directions. However, fibers running towards the pial surface were still a prominent feature of these layers. While only a moderate number of SP-positive puncta were seen in layers III-IV, beginning with the upper zone of layer III, their density sharply increased towards the upper layers. The highest density of SP fibers was seen in layer II. Layer I also harbored a dense population of SP boutons. In layer I, in addition to scattered SP boutons, fibers running parallel to the pial surface were also detected. Long segments of SP-positive fibers (up to 3 mm in length) were observed in the subcortical white matter.
A characteristic feature of the SP innervation in the prefrontal cortex was the presence of SP-immunoreactive basket-like formations around neurons. A pericellular arrangement of SP-positive fibers was not reported in previous descriptions of the SP innervation in primate cortex (Jones et al., 1988; Iritani et al., 1989) . SP-immunoreactive pericellular baskets were seen exclusively in a cortical stripe that included layer II and the upper portion of layer III (Fig. 1) . Occasionally, basket-forming SP-positive axon terminals also appeared to contact the proximal dendrites of their target neurons.
Synaptology of Substance P-Immunoreactive Axon Terminals -Electron Microscopy
Electron microscopy revealed that SP-immunoreactive puncta seen in the light microscope represented axon terminals or en-passant varicosities of fibers. In agreement with the light microscopic observations, SP-positive axon terminals were most abundant in layer II and upper layer III. All SP-labeled varicose boutons examined in serial sections were found to establish synaptic contacts. The SP-immunoreactive boutons formed exclusively symmetric synaptic specializations (Figs 2-5, 8 and 9). These boutons were filled with round, clear synaptic vesicles. Occasionally, large dense core vesicles could also be observed ( Fig. 2A, D) .
SP-positive boutons were observed to form synapses with unlabeled dendritic spines, dendritic shafts and perikarya. A high proportion (39%) of the SP-immunoreactive axon terminals formed axo-spinous synaptic contacts. The majority of such synapses were observed in superficial cortical layers including layers I, II and upper layer III ( Fig. 2A-D ). This type of synapse could also be detected in deeper cortical layers, though with a considerably lower frequency. A notable morphological feature of these axo-spinous synapses was that they were frequently formed between a bouton and more than one spine (Fig. 2D) . A prominent aspect of the axo-spine contacts was their participation in the arrangement of synaptic triads. Thus, the same spine forming a symmetric synaptic contact with a SP-positive bouton also established an asymmetric membrane specialization with an unlabeled axon terminal ( Fig. 2A-D) .
The majority (53%) of SP-immunoreactive boutons contacted dendritic shafts. The preponderance of these postsynaptic axo-dendritic synapses were present in layers II-III (Fig. 3A-D) , but they could also be observed less frequently in deeper cortical layers (Fig. 4A-D) . Series of thin sections containing the entire volume of dendritic segments postsynaptic to SP-positive boutons were also examined. The bulk of these dendrites were found to possess spines (Fig. 4A) . It remains to be determined whether the postsynaptic dendrites and spines belong to pyramidal cells or interneurons.
Eight percent of SP-immunoreactive boutons contacted cell bodies. The majority of these somata were small and medium-sized, and had an infolded nucleus surrounded by a relatively small amount of cytoplasm. Based upon these morphological characteristics, these neurons most likely represented interneurons. In addition to the SP innervation of putative interneurons, occasionally synaptic contacts between SP-positive boutons and large-sized somata could also be obser ved. These somata resembled pyramidal neurons (Fig. 5) .
Substance P/GABA Double Label Immunocytochemistry -Electron Microscopy
The putative inhibitory nature of symmetric synapses formed by SP-positive axon terminals was investigated by testing whether these boutons contain the inhibitory transmitter GABA. SP-immunostained sections were embedded and serially cut for electron microscopy, and ultrathin sections on grid were stained for GA BA using an immunogold labeling procedure. In this postembedding GABA-immunostaining experiment, two types of immunolabeled axon terminals could be observed: (i) single-labeled terminals were labeled by gold particles implying that these boutons contain GABA (Fig. 6A, B) ; and (ii) double-labeled boutons were filled with DAB reaction product as well as gold particles, indicating that these boutons are simultaneously immunoreactive for SP and GABA (Fig. 6A-C) . A ll axon terminals containing SP-immunoreactivity were obser ved to contain GABA-immunogold labeling as well. All synaptic contacts of these double labeled boutons were found as symmetric membrane specializations. The morphological type of neurons postsynaptic to these double labeled boutons could not be identified in this experiment. 
Substance P/Calbindin Double Label Immunocytochemistry -Light Microscopy
To further test the putative interneuron character of the small and medium-sized cortical cells targeted by SP fibers, and to examine whether there is any differential pattern in the SP-inner vation of cortical interneurons, SP-immunocytochemistr y was combined with immunostaining for calbindin D28k, a substance that labels a specific subtype of interneurons (DeFelipe, 1993; Lund and Lewis, 1993) . A double label immunocytochemical procedure employing Ni-DAB and DAB as two chromogens was used. Ni-DAB stained SP-immunoreactive somata and axonal processes black, while calbindin-immunoreactivity of neurons was identified with light brown DA B labeling. The two immunoreactivities labeled different subsets of cortical neurons (Fig. 7A) . As in the single immunostained sections, SP-immunoreactive varicose axons were frequently seen to form pericellular basket-like arrangements around non-pyramidal shape neurons in the upper third of layer III and in layer II. A subpopulation of neurons surrounded by SP-positive pericellular baskets were immunoreactive for calbindin D28k (Fig. 7A-D) . Calbindin-positive cells without a pericellular basket were also detected. Occasionally the same pericellular axon could be followed running around an emerging dendrite, thus participating in a peridendritic arrangement as well (Fig. 7C) .
Substance P/Calbindin Double Label Immunocytochemistry -Electron Microscopy
Correlated light and electron microscopy of the SP/calbindin double immunostained material was used to examine the synaptic relations between labeled fibers and neurons selected and documented on light micrographs. Light microscopically identified SP-immunoreactive boutons contacting calbindinimmunoreactive neurons could easily be recognized in the electron microscope (Figs 8 and 9 ). The calbindin-positive neurons had round or ovoid cell body and infolded nuclei surrounded by a relatively small amount of cytoplasm. All synaptic membrane specializations between SP-positive boutons and calbindin-positive somata were of the symmetric type ( Figs  8B and 9B ).
Discussion
The present study demonstrates that SP-containing synaptic boutons colocalize GABA in the primate prefrontal cortex. A particularly complex synaptology of these axons was revealed in supragranular cortical layers. In layers II-III, in addition to forming varicose axons, SP boutons frequently participated in synaptic triads on dendritic spines and also formed pericellular baskets around cortical interneurons. A subpopulation of the SP-receptive interneurons was identified as calbindinimmunopositive. Pyramidal cells were also seen receiving SP synapses. Below we discuss our results with regard to origin and neuronal targets of prefrontal SP fibers, and speculate on possible mechanisms through which SP might be involved in the modulation of cortical circuits.
The GABAergic Nature of Cortical SP Innervation
This study provides direct morphological evidence that axon terminals containing the neuropeptide SP also contain the inhibitory transmitter GABA in the primate prefrontal cortex. Several lines of indirect evidence have forecasted this finding. Jones et al. (1988) have shown that all SP boutons possess symmetric synaptic specializations in the primate cortex, an obser vation that was confirmed by the present study. GABA-containing axon terminals are known to form symmetric synaptic junctions in the cortex (Peters, 1987; Beaulieu and Somogyi, 1989; Somogyi, 1989) , and axon terminals in which SP and GABA have also been shown to coexist form exclusively symmetric synapses in the spinal cord, substantia nigra and septum (Bolam and Smith, 1990; Ma and Ribeiro-da-Silva, 1995; Szeidemann et al., 1995) . However, the symmetric morphology of synapses in the cerebral cortex is sufficient neither for concluding their GA BAergic nature nor for suggesting their association with inhibitory neurotransmission. For example, cholinergic axons form exclusively symmetric synapses in the primate prefrontal cortex (Mrzljak et al., 1995) , and acetylcholine has direct postsynaptic excitatory effects on pyramidal cells and, in addition, may inhibit these neurons through excitation of nonpyramidal cells (Lamour et al., 1982 (Lamour et al., , 1983 Krnjevic, 1984; McCormick and Williamson, 1989; McCormick, 1992) . Other non-GABAergic modulatory systems, such as the dopaminergic, noradrenergic and serotonergic, also form predominantly (or for serotonin, in part) symmetric synapses in the primate cortex (deLima et al., 1988; Goldman-Rakic et al., 1989; Smiley and Goldman-Rakic, 1993) , and the physiological effect of these neuroactive substances is (at least in part) excitation (Krnjevic, 1984; McCormick, 1992) . The finding that SP is exclusively localized to GABAergic axons in the primate prefrontal cortex indicates that GABA neurons, regardless of their location, are the sole source of SP to this cortical region.
The Source of Prefrontal Substance P Innervation
The origin of cortical SP-containing axons is not resolved. It is believed that the majority of these axons are intrinsic, arising from SP-containing local circuit neurons. A population of neurons in the rat cortex have been shown to express SP-immunoreactivity (Ljungdahl et al., 1978; Iritani et al., 1989) and produce mRNA encoding SP (Warden and Young, 1988; Harlan et al., 1989) , and SP-immunoreactive neurons have been observed in the human and non-human primate neocortex as well (Beach and McGeer, 1983; Sakamoto et al., 1985; Jones et al., 1988; Iritani et al., 1989; Quigley and Kowall, 1991; Hornung et al., 1992) . These immunocytochemical studies, in agreement with our present obser vations, report that all SP-positive neurons, based upon their morphological features (size and shape), resemble nonpyramidal cells. Further supporting this notion, SP-immunoreactive neurons have been reported to represent a subset of GABA cells in the neocortex of rats and monkeys (Penny et al., 1986; Jones et al., 1987 Jones et al., , 1988 . In the neocortex of the macaque monkey 90-95% of SP neurons were reported to colocalize GABA and the GABA-synthesizing enzyme glutamic acid decarboxylase (GAD), while the remaining 5-10% (mainly in layer VI and the white matter) colocalize somatostatin and neuropeptide Y (Jones et al., 1987) . In our SP/GABA double stained material, GABA-immunonegative SP boutons that could have represented the axons of non-GABAergic SP neurons were not detected. It is possible that the GABA-immunonegative SP neurons that are situated in layer VI and the white matter (Jones et al., 1987) send their axons to the white matter. SP axons were indeed observed in the white matter, but their GABA content was not tested in the present study. Alternatively, one cannot exclude the possibility that the reportedly GABAimmunonegative SP neurons are in fact GABAergic cells with a low concentration of GABA in their cell body. The inability to visualize GABA in somata and dendrites does not necessarily indicate the non-GA BAergic nature of a neuron. The somatodendritic concentration of GABA or GAD is near or below the level of immunocytochemical detectability in some GABA cells of many brain regions, including the cortex (Somogyi et al., 1984; Ribak et al., 1986; Jakab and Leranth, 1990; Miettinen et al., 1992) . Such neurons are considered to have high GABA turnover rates and/or long axonal projections, and elevated GABA and GAD levels can be detected in their cell bodies after the disruption of axonal transport by colchicine treatment.
Of interest, ∼10% of SP-positive neurons in the cat somatosensory cortex (Conti et al., 1992) and a subpopulation of SP-positive cells in the temporal neocortex of the macaque (Ong and Garey, 1990) have been reported to represent -C) showing the result of a SP/GABA double immunostaining in layer II of prefrontal cortical area 46. 'Pre-embedding' SP-immunostaining was performed on free-floating 60 µm thick tissue sections that were subsequently processed for electron microscopy, embedded in resin, cut to 0.07 µm thick ultrathin sections and subjected to a 'postembedding' GABA-immunogold labeling procedure. SP/GABA double labeled axon terminals are indicated by arrows. Note the high density of 15 nm immunogold grains over axon terminals that also express SP-immunoreactivity. GABA-immunopositive terminals devoid of SP-immunoreactivity are indicated by asterisks. A SP/GABA double labeled terminal establishing symmetric synaptic contact (arrowhead) with a dendritic shaft (d) is shown in (C). Scale bars: 1 µm.
pyramidal-shape cells. Although the reported presence of SP in pyramidal cells may indicate a species or regional difference, it cannot be easily reconciled with our data and the rest of literature on the anatomy of the cortical SP system. Since pyramidal neurons are known to form asymmetric synapses (Winfield et al., 1981; McGuire et al., 1984) and contain excitatory amino acids as their transmitter (Streit, 1984; Donoghue et al., 1985) , the finding that all SP boutons in the prefrontal cortex form exlusively symmetric synapses (Jones et al., 1988 ; present study) and our present finding that SP axon terminals contain the inhibitory transmitter GA BA further indicate that pyramidal cells are not the source of SP in the cortex.
The uniformity of synaptic architecture of the SP system in the prefrontal cortex is in sharp contrast with the heterogeneous synaptology of SP innervation of the hippocampus and septum. Recent studies in the primate hippocampus and rat septum have revealed that both telencephalic structures have intrinsic as well as extrinsic SP input, and that these two types of input have different synaptic features (Leranth and Nitsch, 1994 ; Figure 7 . Color light micrographs demonstrate the result of a double label immunostaining for substance P (SP; black) and calbindin (CB; brown) in layer II of prefrontal cortical area 46. CB-immunoreactive non-pyramidal cells (arrows) are contacted by SP-immunoreactive fibers (arrowheads). These varicose fibers form pericellular (A-D) and peridendritic arrangements (C) around their target neurons. The large arrowhead in (A) indicates a black stained SP-immunopositive neuron. Scale bar: 10 µm. Szeidemann et al., 1995) . All intrinsic hippocampal and septal SP boutons, similar to the synaptology of prefrontal SP axons, establish symmetric synapses and contain GABA, both features indicating the inhibitory nature of these synapses. On the other hand, the extrinsic non-GABAergic SP-containing system of the hippocampus (arising from the supramamillary area) and that of the septum (originating from the hypothalamus and pons) form exclusively asymmetric synaptic contacts, a configuration that is considered to be a morphological correlate of excitatory synaptic neurotransmission (Eccles, 1964; Peters et al., 1991) . It appears that the intrinsic SP-utilizing systems of the prefrontal cortex, hippocampus and septum are analogous, whereas the extrinsic hippocampal and septal non-GABAergic SP systems do not have their match in the prefrontal cortex.
Although our data disfavor an SP projection to the cortex from a non-GABAergic extracortical source, the existence of a GABAergic SP pathway to the cortex is possible. The presence of long SP fibers (up to 3 mm in length) in the white matter in African green monkeys (present study) and macaque monkeys (Jones et al., 1988; Iritani et al., 1989) raises the possibility that a population of cortical SP axons is of extrinsic origin. There is no evidence that any thalamic projection to cortex would contain SP or GABA. One possible source of cortical SP-immunoreactive fibers is the laterodorsal tegmental nucleus of the pons (Sakanaka et al., 1983; . This projection in the rat brain is reportedly limited to the medial frontal cortex. The demonstration of a relatively sparse GABA immunoreactive projection to the cortex from the basal forebrain in rats (Freund and Meskenaite, 1992) and the presence of GAD in neurons projecting to the rat cortex from the posterior hypothalamus , together with the fact that the basal forebrain and the posterior hypothalamus both contain SP neurons (Ljungdahl et al., 1978) , raise the possibility that some of the cortical SP/GABA terminals originate from these regions. However, analogous extracortical SP projections to the monkey prefrontal cortex, if they exist, are probably not extensive, since 1 week after surgical isolation of the prefrontal cortex from its afferents in green monkeys, no change was detected in the intensity of cortical SP staining (C. Leranth, unpublished data). Tract-tracing experiments are warranted to clarify this issue. This might bear clinical significance since it has been reported that cortical SP (cells and fibers) are depleted in patients with Alzheimer's disease (Quigley and Kowall, 1991) . It has been suggested that this partial loss of SP is due to the degeneration of SP-containing local perikarya, while putative SP-containing afferent projections to the cortex would persist in this degenerative disorder (Quigley and Kowall, 1991) .
Synaptic Targets of Substance P Axons
The present study has revealed that SP containing fibers, in addition to their previously known pyramidal cell targets (Jones et al., 1988) , heavily innervate layer II/III nonpyramidal neurons in the monkey prefrontal cortex. One population of this newly discovered synaptic target of pericellular SP baskets was shown to contain the calcium-binding protein calbindin D28k. Other interneuron subtypes present in supragranular layers are likely candidates of SP input as well, since pericellular baskets around unstained nonpyramidal-shape neurons were also observed in our SP/calbindin double stained material.
The calbindin-immunoreactive cell type receiving synapses from SP axons most likely is a GABAergic interneuron, since the ultrastructural features of these cell bodies, such as the asymmetric as well as symmetric synapses on the soma, the presence of nuclear membrane invaginations, the cytoplasm rich in free ribosomes and mitochondria are all characteristic features of GA BAergic neurons; and also because the large majority of calbindin-containing cortical interneurons have been known to contain GABA (Hendry et al., 1989; DeFelipe and Jones, 1992; DeFelipe, 1993) . It is intriguing, however, that in our SP/GA BA immunogold double label experiments a low density of GABA-immunogold labeling was consistently detected in postsynaptic elements that were contacted by SP/GABA double labeled synaptic boutons. As we discussed in an earlier section, highly active GABA neuron populations frequently have the lowest detectable GA BA concentration in their somatodendritic region because of their high GA BA turnover (high production and release rates). It is tempting to speculate that SP-innervated layer II/III calbindin interneurons might represent GA BA cells of high metabolic activity. Electrophysiological studies have assigned calbindin interneurons in cortical layer V to the regular spiking rather than the fast spiking class of cortical cells (Kawaguchi and Kubota, 1993; Kawaguchi, 1995) , while the fastest spiking interneurons in the hippocampus have been found to contain calbindin (Sik et al., 1995) . It remains to be determined whether the SP-receptive calbindin cells observed in supragranular layers of the prefrontal cortex are fast or regular spiking.
Dendritic shafts receive 53% of SP synapses in the monkey prefrontal cortex. This percentage is close to the proportion of GA BA synapses (58%) that are formed on dendritic shafts (Beaulieu and Somogyi, 1989) . Undoubtedly, SP-receiving dendritic shafts belong to both pyramidal and nonpyramidal cell types; however, we could not determine the precise percentage of parent cell types based only on the ultrastructural features of their dendrites.
A remarkably high percentage (39%) of SP boutons form synapses on dendritic spines in the monkey prefrontal cortex. The large percentage of symmetric axo-spine synapses is notable when compared with the generally low incidence of symmetric synaptic contacts on spines in the cortex. SP boutons as well as axon terminals immunoreactive for the GABA synthesizing enzyme GAD have been observed to form synapses on dendritic spines in the cortex (Hendry et al., 1983; Jones et al., 1988) . To our knowledge, the cat visual cortex is the only region of the cerebral cortex where the quantitative distribution and targets of GABA synapses have been examined. In this cortex 26.4% of GA BA boutons synapse on dendritic spines (Beaulieu and Somogyi, 1989) . Given that SP boutons represent a subset of GA BA boutons, the significantly higher proportion of SP axo-spine synapses (39%) than GABA axo-spine synapses (26.4%) is intriguing. Possibly the proportion of axo-spine GABA synapses is higher in the primate prefrontal cortex than the cat visual cortex. However, the high proportion of SP axo-spine synapses may indicate that dendritic spines are a preferential synaptic target for GABA boutons containing the neuropeptide SP more so than for the general population of cortical GABA boutons.
The majority of axo-spine SP synapses are likely to represent SP/GA BA inner vation of pyramidal neurons, because the overwhelming majority of dendritic spines belongs to this cell type in the cerebral cortex. However, a minor portion of axo-spine contacts formed by SP/GABA boutons may represent the innervation of interneurons, including a subpopulation of nonpyramidal cortical neurons known to possess dendritic spines. Of particular interest, a subgroup of interneurons in the rat (Kaneko et al., 1994) and primate cortex (R.L. Jakab, P. Vallabhayosula and P.S. Goldman-Rakic, in preparation) contains SP receptors, and many of these neurons do exhibit dendritic spines. It has been shown that a subpopulation of the SP receptor-containing neurons in the rat cortex contains calbindin (Kaneko et al. 1994) , and we have morphological evidence that calbindin is a marker for some SP-receptor containing interneurons in the primate prefrontal cortex as well. Most of these SP receptor/calbindin neurons were found in cortical layers II and III in the rat (Kaneko et al., 1994) and macaque monkey (R.L. Jakab, P. Vallabhayosula and P.S. Goldman-Rakic, in preparation), a localization that overlaps with the SP-containing baskets described in the present study. Thus, it is reasonable to assume that these SP-receptor-bearing spiny interneurons receive direct SP innervation.
'Substance P-ergic' Synaptic Triads SP-positive axon terminals were regularly observed to form symmetric synapses with dendritic spines that were simultaneously targeted by another, asymmetric synapse-forming bouton. Triadic synaptic complexes, formed by two boutons which synapse on the same dendritic spine, have been observed in the cerebral cortex, but their relative frequency is not known. One of the presynaptic partners in this triadic arrangement is usually an asymmetric (putatively glutamatergic) bouton. Such asymmetric boutons have been shown to be accompanied by dopaminergic (Goldman-Rakic et al., 1989) as well as cholinergic (Mrzljak et al., 1995) boutons in the formation of synaptic triads in the primate prefrontal cortex.
Dendritic spines, including those involved in synaptic triads, have been implicated in the integrated action of neurotransmitters and in synaptic plasticity (Koch and Poggio, 1983; Shepherd and Brayton, 1987) . The SP/GABAergic synapses situated on dendritic spines, which also receive an excitatory synapse from another terminal, provide a structural design for the integrated action of SP, GABA and excitatory amino acids. GA BAergic inf luences on spines could locally prevent the development of depolarization necessary for the activation of NMDA receptors (Thomson, 1986; Cotman and Iversen, 1987) , or it could lead to long-term depression (Stanton and Sejnowski, 1989, Kano, 1995) . One can conceive of synaptic triads as possible subcellular sites where SP release can be controlled by GABA (Holz et al., 1989) , and where SP can also be involved in modulating neurotransmission by enhancing the excitatory effects of excitatory amino acids and by depressing the inhibitory actions of GABA (Wu et al., 1994) .
Primate-Specific Substance P Innervation of Supragranular Layers?
This study on the prefrontal cortex of the African green monkey and previous research on the homologous area of Japanese monkeys and rats (Iritani et al., 1989) have revealed clear species differences in the laminar distribution of SP-immunoreactive fibers. A major difference between the rodent and primate brain is that, while the molecular layer in the rat prefrontal cortex is poor in SP-immunoreactive fibers (Iritani et al., 1989) , the majority of SP boutons in both monkey species occupy the upper cortical layers, including layer I.
SP synapses on dendritic spines have also been found to concentrate in supragranular layers. This indicates that spines protruding from the apical dendrites of pyramidal cells are a major synaptic target of SP in the primate prefrontal cortex. A similar density gradient of axo-spine GA BA synapses has been obser ved in the cat visual cortex. The proportion of GABA-positive synapses on spines decreases from 28% in layers I-III to 18% in layers V-VI (Beaulieu and Somogyi, 1989) . It is noteworthy that in the upper cortical layers the observed high density of SP and GABA axo-spine synapses coincides with a proliferation of apical dendrites of pyramidal cells that is characteristic for higher mammalian species. In primates, a rich set of intracortical connections mainly originating and terminating in the supragranular layers provide pathways for processing and integrating cortical activity (McGuire et al., 1991; Burkhalter et al., 1993; Lachica et al., 1993; Kritzer and Goldman-Rakic, 1995) . Since the axons of layer II/III interneurons (that includes those containing SP and those targeted by SP) are known to arborize mainly within supragranular layers, a primate-specific, massive SP innervation of upper cortical layers may play a significant role in intracortical neuronal activation.
Another species difference between primates and rodents is the presence of SP-positive pericellular baskets so far revealed only in the present study of the monkey brain. If these baskets in layers II-III turn out to be unique to the primate cortex, then the SP innervation of upper cortical layers would be specific to primates. These SP baskets heavily innervate calbindincontaining interneurons. This concentrated, layer-specific and apparently target-selective inner vation exemplifies the increasing specificity and selectivity in the innervation of interneurons by other interneurons in the primate cortex. As the complexity of the cerebral cortex undoubtedly reaches a high level in primates, this may in part be due to an evolution of intrinsic circuits formed by local circuit neurons specific to primates.
Substance P-ergic Cortical Circuits
The function of SP in the cerebral cortex is poorly understood. Evidence exists for the involvement of SP in excitatory neurotransmission in the brain. An excitatory action of SP has been shown in long-range projection systems (Nicoll et al., 1980) , and SP is a potent excitatory agent when applied to cortical neurons (Phillis and Limacher, 1974; Lamour et al., 1983; Jones and Olpe, 1984) . In the rat somatosensory cortex, 22.5% of the tested neurons responded to SP with excitation, most of these cells being pyramidal tract neurons located in infragranular layers [SP excited nearly 50% of layer Vb neurons (Lamour et al., 1983) ]. This study indicated a postsynaptic excitatory effect of SP on a population of pyramidal cells. However, the presently described SP innervation of interneurons and GABA content of SP boutons suggest that other mechanisms which involve SP-GABA interactions should also be considered.
Since GABA is one of the most potent inhibitory transmitters (Krnjevic, 1984) , GABA released from SP/GABA boutons is likely to depress the activity of a postsynaptic partner.
Given the strong inhibitory nature of GABA, the innervation pattern revealed in the present study indicates the existence of a feed-forward disinhibitory mechanism initiated by cortical SP/GABA neurons in the prefrontal cortex. This view is based on the following assumptions: (i) SP/GABA-containing boutons of cortical interneurons terminate on pyramidal cells; (ii) SP/GA BA boutons of cortical interneurons also terminate on calbindin-containing interneurons; and (iii) calbindin-containing interneurons also colocalize GABA and establish synaptic contacts preferentially with distal dendrites of pyramidal neurons (DeFelipe and Jones, 1992) . Thus, cortical SP/GABA interneurons, when firing, will first depress the activity of pyramidal neurons as well as calbindin/GABA interneurons. This action, within the interval of one synaptic delay, may cause a disinhibition of the previously inhibited pyramidal neurons.
One can speculate that a major function of the 'excitatory' neuropeptide SP in cortical SP/GABA boutons is to suppress the inhibitory action of GA BA. Inhibitory effects of SP on GA BA-activated currents have been shown in spinal cord neurons using the whole-cell patch-clamp technique (Wu et al., 1994) . The application of SP could induce concentrationdependent inward currents in some neurons, and preapplication of SP could inhibit the inward currents mediated by GABAA receptors. GA BA coexisting with SP in presynaptic nerve endings of the prefrontal cortex may also inf luence SP release. In the spinal cord GA BA inhibits the electrically evoked calcium-dependent release of SP, and it has been demonstrated that GA BA inhibits peptide secretion through presynaptic activation of GABAB receptors that are functionally coupled to G proteins (Holz et al., 1989) . SP receptors which belong to the superfamily of G-protein-coupled receptors (Maggi, 1995) and may mediate such a presynaptic mechanism have been detected in presynaptic axon terminals in the monkey prefrontal cortex (Jakab and Goldman-Rakic, 1995) . Thus, a form of presynaptic inhibition described in peripheral sensory neurons may also exist in the cerebral cortex.
Conclusion
The morphological observations of the present study suggest that specific GABAergic inhibitory circuits which are involved in feed-forward disinhibition of pyramidal cells contain the neuropeptide SP in the primate prefrontal cortex. SP can modulate these circuits at several strategic nodal points: the firing of pyramidal cells can be inf luenced by SP at axosomatic, axodendritic and axo-spine synapses, including those of synaptic triads, whereas the action of interneurons can be controlled by SP-ergic pericellular baskets. The findings that SP boutons contain GABA and SP/GABA-ergic baskets surround cortical interneurons suggest a conceptually new role for SP in the modulation of cortical feed-forward GABAergic circuits at both presynaptic and postsynaptic levels.
